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Units:
This study uses mks units of the International System (SI) with the exception that energies are frequently given in terms of electron volts (eV). sccm ≡ Standard Cubic Centimeters per Minute. For xenon: 1 sccm ≈ 0.09839 mg/s at STP. 
DC Ring-Cusp Ion Thruster Discharges
For DC ion thrusters, the power needed to ionize the neutral propellant atoms comes from high-energy electrons that are emitted from the discharge cathode. These primary electrons (or "primaries") are accelerated to relatively high energies by the (~25V) discharge voltage applied between the cathode and anode surfaces. A magnetic field is used to prevent the loss of electrons to the anode surface to increase ionization efficiency. For a ring-cusp discharge, as shown in Figure figionthruster , alternating rings of high-strength magnets (typically SmCo) are used to provide magnetic confinement of the primaries at the magnetic cusps and throughout the discharge volume. For a typical ring-cusp thruster, the magnets are arranged so that the magnetic field lines primarily terminate on cathode potential surfaces or at cusps on the anode surfaces. In this way, primaries are confined by magnetic reflection at the cusps or by electrostatic forces at the cathode potential surfaces. The magnetic cusps are placed at anode surfaces to allow lower energy electrons ("secondaries") to be lost along the field lines to carry the discharge current and maintain discharge stability [refTh15]. The low-energy secondaries are produced by primary electron collisions with plasma species and ionization by other secondaries.
Neutral propellant atoms are injected into the discharge chamber through a main propellant feed, the location of which varies from thruster to thruster. Most conventional DC thrusters use a hollow cathode, which requires propellant to run, so additional propellant is introduced through the hollow cathode orifice. At this time, the most widely used propellant is xenon due mainly to its high mass, low-risk handling, and relatively high second ionization threshold; however, other propellants may be used [refTh3] . Discharge Performance and Stability DC ring-cusp ion thruster discharge performance is dominated by two competing parameters: plasma confinement efficiency and discharge stability. Plasma confinement efficiency requires sufficiently strong magnetic fields to confine the plasma (including primaries) at the cusps and throughout the bulk of the plasma. Magnetic confinement of the bulk plasma is conventionally thought of as "closing" a certain Bfield contour, typically on the order of 10s of Gauss as discussed in Beattie [refTh17] . This concept is assumed to assure that the plasma is reasonably confined between the cusps. For larger diameter ring-cusp ion thrusters, such as NEXIS (~60cm) and NEXT (~40cm), additional magnetic rings were added to close a sufficiently high B-field contour for desirable plasma confinement [refTh18] .
Conventional parameters for assessing discharge performance for DC ion thrusters include: [corr] , which stands for "propellant utilization corrected" since it corrects the misleading conventional measurements that do not account for double ion content. Discharge stability for ring-cusp ion thrusters can be understood by examining the behavior of the plasma near the cusps. Many detailed experiments and models have been used to explain the behavior of the plasma in the cusp region [refTh19, refTh20, refTh15, refTh21, refTh22]. Leung, et al [refTh19] showed that primary electrons are typically very well confined at the cusp and that plasma losses to the cusps may be described using a hybrid ion-electron gyroradius. This parameter was used by Goebel [refTh15] to explain the discharge instabilities that can result for cusp magnetic field strengths that are too high for certain plasma conditions. These discharge instabilities are due to overly high cusp B-field strengths that can cause an electron current continuity imbalance that leads to plasma discharge loss due to impedance shift instabilities. The continuity imbalance arises from the reduction in plasma loss area that results from increased cusp strengths, as observed by Leung and Hershkowitz [refTh19, refTh20]. If the cusp B-field is too strong then the plasma potential, which is normally positive, will tend negative to satisfy current continuity for a particular range of electron production rates in a cusp confined plasma. This lower plasma potential reduces the energy of the primary electrons emitted from the cathode, leading to a runaway of the plasma potential indicative of an unstable discharge. The discharge instabilities impose an upper-limit for the cusp B-field for a given plasma conditions, as observed at certain operating conditions for ion thrusters.
Beam Flatness, (Grid Performance and Utilization)
The purpose of the discharge chamber is to efficiently provide ions for extraction through the grids, while the grids prevent the loss of propellant neutrals and allow ions to be extracted and accelerated. The degree to which the discharge provides favorable plasma conditions to the region immediately upstream of the grids can be determined by examining the beam and neutral loss profiles at the grid exit plane. To assess how evenly the ion extraction grids are being used, the beam flatness parameter, F B , relates the average to the peak beam current density by As discussed in many references [refTh14, refTh7], a high flatness parameter typically reflects favorable grid utilization, high throttleability, and maximum grid life. Since the beam flatness is directly related to the plasma distribution in the discharge chamber, a low flatness parameter, even though it manifests in low "grid" life and performance, is more appropriately attributed to poor discharge design. American Institute of Aeronautics and Astronautics
Performance Effects due to Double Ion Content
Double ions typically hurt thruster performance since they require nearly twice the electron energy to create as single ions, accelerate wear mechanisms, and deliver reduced thruster per unit of ion current. For example, the double ion thrust correction factor is defined as 2 1 1 2
Discharge chambers should be designed to minimize double ionization to avoid the performance losses. Measurements of conventional ion thruster beams show a noticeable (>8%) fraction of double ions [refTh16]; thus showing that state-of-the-art thruster design may be improved by reducing this phenomenon.
Discharge Plasma Magnetization
For the computational model (DC-ION) used in this analysis, the ratio of the parallel and perpendicular 
B. Objective
In this study, we employ JPL's Ion Thruster Model (DC-ION) to investigate the relationship of magnetic field lines and contours on discharge performance by comparing the performance and discharge characteristics of various modifications to the NSTAR magnetic field.
II. General Approach

A. Comparing Discharge Chamber Magnetic Field Lines and Contours for 3-ring NSTAR Configurations
The maximum closed contour for the baseline NSTAR magnetic field is 27 Gauss, as shown in Figure  figbaseline . This design (referred herein as "Config 1") is sufficient to achieve the impressive performance of the NSTAR thruster; however, an unfortunate aspect of the baseline NSTAR design is the large region of magnetic field lines that run parallel to the thruster axis. These axially-oriented magnetic field lines starting at the cathode exit and terminating at the grids cause "over-confinement" of the primary electrons on axis, which leads to the very large double ion peak observed in NSTAR beam profiles [refWirzJPC05] .
In this study we take the NSTAR baseline and alter it to separately and collectively examine the effects of changing magnetic field lines and/or contours.
Increased NSTAR performance and a more favorable beam profile is achieved by simply strengthening the mid-magnet ring, as shown in Figures figmod1 and figcompare1 . American Institute of Aeronautics and Astronautics By comparing Figures figbaseline and figmod1 , we see that the improved NSTAR configuration (referred herein as "Config 2")exhibits an increased maximum closed contour (37 Gauss) and a significant reduction of axially-oriented magnetic fields lines. To separately investigate the relative importance of these two improvements, we introduce two new NSTAR configurations:
• Config 3, shown in Figure FigConfig3 -The first of the new configurations ("Config 3") maintains the exact magnetic field line topography of Config 2 (improved NSTAR) but the overall magnetic field strength is reduced to close the 27 Gauss contour as in baseline NSTAR (Config 1). This configuration is achieved by simply proportionally reducing the depth along the magnetization direction (and hence the magnetic dipole moment) of all magnets from Config 2.
• Config 4, shown in Figure figconfig4 -In a similar fashion, we generate Config 4 to maintain the Bfield line topography of the NSTAR baseline (Config 1) but with an increased magnetic field strength sufficient to close the 37 Gauss contour as in Config 2.
Compare: 1 and 3 -effect of changing field structure of baseline 1 and 4 -effect of uniformly increasing the field strength of NSTAR baseline 1 and 2 -changing both field lines and contour 2 and 3 -increasing field strength of an already favorable field line structure 
B. Comparing 3-ring and 4-ring NSTAR geometries
The effect of the number of magnetic rings is shown by simply adding another ring to the baseline NSTAR thruster. We also increase and decrease the 4-ring magnet strength to show the effects on performance.
C. Computational Model and Experimental Reference
JPL's Ion Thruster Model (DC-ION) has been validated against performance and beam profile data for the NSTAR and MiXI thrusters. Reference [RefWirzJPc05] introduced DC-ION (referred to as DCM at the time) in its present form and presented the validation of DC-ION against NSTAR data at multiple operating conditions and power levels. Reference [RefWirzJPc05] also presented the analysis where DC-ION predicted the performance benefits of the improved NSTAR configuration (Config 2), which were validated by subsequent experimental measurements.
The thruster inputs and assumptions used by DC-ION for this study are identical to those in Reference [RefWirzJPc05].
III. Results
A. Comparison of Discharge Performance
Discharge Performance Parameters
The results of the model are expressed by averaged discharge performance parameters at the Micro-Ion mTH1 operating condition and are compared to the thruster data in Table tabresults respectively. Comparing these profiles shows the radially dependent effect of double ions on measured beam current. The neutral densities (just upstream of the grids) show that the more peaked profiles correlate with a larger gradient in neutral density across the grids. 
IV. Discussion and Conclusions
The results from this investigation show that the magnetic field lines dictate the paths of the highenergy primary electrons. It is important to design the magnetic field structure to deliver the primaries efficiently throughout the useful volume of the thruster, especially that just upstream of the ion extraction grids. To assure that the primaries are not trapped along the thruster axis it is desirable to locate the minimum B-field point as close to the axis as possible for discharges with an odd number of rings, such as a 3-ring discharge. Discharges utilizing an even number of magnetic rings, such as a 4-ring, inherently place a magnetic minimum on-axis, which encourages the primary electrons to move throughout the discharge chamber. Herein we confirm that the magnetic confinement of the plasma is proportional to the maximum closed field line; however, it is important that a stronger magnetic field does not cause severe confinement of the plasma to the point that a high percentage of double ions are created. 
